We study nuclear dependences of azimuthal asymmetries in the Drell-Yan lepton pair production in nucleon-nucleus collisions with polarized nucleons. We use the "maximal two-gluon correlation approximation", so that we can relate the transverse momentum dependent quark distribution in a nucleus to that in a nucleon by a convolution with a Gaussian broadening. We use the Gaussian ansatz for the transverse momentum dependence of such quark distribution functions, and obtain the numerical results for the nuclear dependences. These results show that the averaged azimuthal asymmetries are suppressed.
the structure of hadron and the dynamics of Quantum Chromodynamics (QCD).
Correspondingly, the DIS off nuclei and the DY process in hadron-nucleus collision are also very important in studying the nuclear structure and the property of the cold nuclear matter. By studying the corresponding semi-inclusive processes, we can study not only the longitudinal but also the transverse momentum dependence of the parton distribution functions. In this connection, the semi-inclusive DY process is even more suitable to study the structure of hadron or that of nucleus since no fragmentation function is involved. Azimuthal asymmetries are often sensitive physical variables for such studies and thus have attracted much attention. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] When a parton transmits through a nuclear matter, the multiple gluon scattering with the nuclear matter leads to the energy loss and transverse momentum broadening. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The multiple parton interaction results in also nuclear dependences of azimuthal asymmetries. This provides a good alternative probe of properties of the nuclear matter. The nuclear dependence of the azimuthal asymmetry in semi-inclusive deep inelastic scattering (SIDIS) have been studied recently [25, 27, 28] . We extend the study [25, 27] to the DY process in nucleonnucleus collisions in this paper. In Sec. II, we review the result of the differential cross section in DY with polarized nucleon beam in terms of the TMD parton distributions up to twist-2 level. In Sec. III, we study the nuclear dependence of the angular distribution of the DY lepton pair by relating the transverse momentum dependent quark distributions in a nucleus to that in a nucleon. We also illustrate the numerical results with an ansatz of the TMD parton distributions in a Gaussian form. We give a brief summary in Sec. IV.
II. DIFFERENTIAL CROSS SECTION AND AZIMUTHAL

ASYMMETRIES
We consider the semi-inclusive DY process in nucleon-nucleus collisions with the transversely or longitudinally polarized nucleon beam,
where p 1 , p 2 , q, l and l ′ are the four-momenta of the beam nucleon, one nucleon in the nucleus target, the virtual photon, the anti-lepton and the lepton, respectively;
and s denotes the polarization vector of the incident nucleon. We use the light cone coordinate by introducing two light-like vectors
and express the momenta p 1 and p 2 as,
where p + = p · n − , p − = p · n + , and M denotes the mass of the nucleon. We restrict our study to the kinematic region where the transverse momentum q T of DY pair is much less than its invariant mass Q = q 2 . In this case, the differential cross section for the semi-inclusive DY process can be calculated in the framework of the transverse momentum dependent (TMD) factorization theorem [31, 32] . Such calculations have been carried out for hadron-hadron collisions, the results can be found in e.g. Refs. [33] [34] [35] . We note that such calculations can be extended to nucleon-nucleus in a straight forward way and, at the twist-2 level, the differential cross section is given by, where λ s and s T are respectively the helicity and the transverse polarization vector of the nucleon; θ, φ and φ s are respectively polar and azimuthal angles of the lepton pair, azimuthal angle of the polarization vector of the nucleon with respect to the transverse vector q T in the Collins-Soper frame. The
are functionals of f (x, k T ) and h(x, k T ) that are defined as convolutions weighted
where f and h are TMD distribution and/or correlation functions of quark or anti-quark. The superscript N or A denotes whether it is for the nucleon or the nucleus, a andā in the arguments denote the flavor of the quark and whether it is for the quark or the anti-quark. The weights χ j are given by,
T . All the parton distribution and correlation functions, f 's and h's, given in Eq.(2.4) are defined from the twist-2 decomposition of the quark correlation matrix [36] [37] [38] 
where ǫ µν T = ǫ µνρσ n +ρ n −σ with the total antisymmetric tensor ǫ 0123 = +1 and the definition of the components of Φ(x, k T , s) are given by,
where L(0, y) is the gauge link that is necessary to ensures the gauge invariance of the matrix. In the DY process, the gauge link in covariant gauge is given by
where
It should be noted that the distribution function h 1 in Eq.(2.4) is defined as the mixture of h 1T and h
We see that the differential cross section is determined by six TMD quark and anti-quark distributions and correlation functions
Each of them represents a given aspect of the parton structure of the nucleon. While the physical meaning of some of them are not obvious, some of them are clear and well known. In partcular, we know that
is the Sivers function [39, 40] which describes the correlation between the transverse momentum distribution and the transverse polarization of the nucleon, and h ⊥ 1 (x, k T ) is the Boer-Mulders function [41] which describes the correlation between the transverse quark momentum distribution and the transverse quark polarization in an unpolarized nucleon.
We integrate over the polar angle θ in Eq.(2.4) and obtain,
We see that there are five kinds of different azimuthal asymmetries that are given by the average of cos 2φ, sin 2φ, sin φ s , sin(2φ − φ s ) and sin(2φ + φ s ) respectively.
In terms of parton distribution and correlation functions, they are given by,
, (2.14)
where the subscript NA denotes the nucleon-nucleus collision. They differ from those for nucleon-nucleon collisions only by the quark distribution and/or correlation functions as given by Eq.(2.7).
We also note that these asymmetries exist in collisions with the unpolarized, Although we still know not much about them, these functions have been studied in semi-inclusive DIS [42] [43] [44] [45] and some rough parameterizations have already been made [46] [47] [48] [49] [50] [51] .
It has been shown [21, 25] that multiple gluon scattering represented by the gauge link given by Eq. (2.8) leads to a strong nuclear dependence of TMD parton distributoon and/or correlation functions. Since all the asymmetries presented above are funtionals of these parton correlation functions, we expect strong nuclear dependence of these asymmetries. We discuss them in the following.
A. Nuclear dependence of the TMD parton correlation function In Ref. [21] , with the assumption that the nucleus is large and weakly bound, the multiple-nucleon correlation can be neglected, the nuclear effect can only arise from the final state interaction in the form of multiple gluon scattering that is encoded into the gauge link in the definition of the TMD parton distributions.
The important trick for the derivations is that the TMD quark distributions in nucleons or nuclei can be rewritten as a sum of higher-twist collinear parton matrix elements,
where W T (y − ) is the parton transport operator and given by
with D T (y − ) being the covariant derivative. For simplicity, we have chosen the light-cone gauge in which the collinear gauge link disappears in the above. The nuclear effect arises when the the parton transport operator acts on the different nucleons. Under the "maximum two-gluon correlation approximation" [21] , the nuclear TMD parton distribution has been expressed in terms of a Gaussian convolution of the same TMD distribution in a nucleon, i.e.,
where ∆ 2F denotes the total average squared transverse momentum broadening.
Furthermore, it has been shown in Ref. [25] that the relation can be extended to a much more general case so that,
where the components of the matrix Φ A is defined in Eq.(2.
7). Recently it has been
shown [26] that such simple Gaussian convolution will be broken by the process dependent gauge links in cold nuclear matter.
For the DY azimuthal asymmetries presented in last section for nucleon-nucleus collisions, besides the TMD quark distribution f 
From the relation (3.4), we can show that Boer-Mulders function in the nucleus is related to that in the nucleon in the exactly same way as the twist-3 distribution in Ref. [25] , i.e.,
If we take the Gaussian ansatz for the transverse momentum dependence, i.e.,
where we have assumed different flavors have the same Gaussian widths for the same type TMD distributions and suppressed the flavor index. We obtain from
B. Nuclear dependence of the azimuthal asymmetry It follows that azimuthal asymmetry cos 2φ in nucleon-nucleon and nucleonnucleus collisions are given by, respectively,
where we have defined a shorthand notation
It is obvious that we can obtain A The nuclear effect of the azimuthal asymmetry cos 2φ can be measured by the ratio,
In the special case where α = β, we can obtain a simplified result
which means that the azimuthal asymmetry cos 2φ in DY process in nucleonnucleus collisions is suppressed compared to that in nucleon-nucleon collisions and has no dependence on the transverse momentum of the lepton pairs. It is very interesting that the suppression in Eq.(3.15) is in a very similar way with the one of azimuthal asymmetry cos 2φ in SIDIS obtained in [27] . For the general case, the nuclear modification factor can only depend on three independent variable,
The numerical results are plotted in Fig. (1) , with ζ = 2 and 0.5, respectively, as functions of η, at different scaled transverse momentumq α T . We can see that they are very similar to the results that have been obtained in [25] and [27] .
In the case ζ > 1, the azimuthal asymmetry is suppressed and the suppression increases with the transverse momentumq α T . When ζ < 1, the suppression will have opposite dependence onq α T . Especially, the azimuthal asymmetry could be enhanced, instead of suppression , for large enough transverse momentumq α T . It means that the nuclear modification of the azimuthal asymmetry and its transverse momentum dependence provides a very sensitive probe to measure the width of the transverse momentum distribution in the TMD quark distribution functions.
We can also calculate the averaged azimuthal asymmetry over q ⊥ which is given byĀ cos 2φ
Therefore the averaged nuclear modification factor of the azimuthal asymmetry cos 2φ reads,R we make four more Gussian ansatz assumptions
Following the same routine, we can have
The nuclear modification factors corresponding to the above different azimuthal asymmetries are given by, respectively,
In the special case of σ 1 = σ 3 = σ 4 = 2α − β and σ 2 = α, we can reduce them into,
(3.30)
For the general cases, we can choose three independent variables for every nuclear modification factor as we did for the azimuthal asymmetry cos 2φ. We will choose two same scaled variables η ≡ ∆ 2F /2α,q α T ≡ | q T |/ √ 2α for all the nuclear modification factors, and the rest ζ ≡ (σ 1 + β)/2α, σ 2 /α, (σ 3 + β)/2α and (σ 4 + β)/2α, corresponding to the sin 2φ, sin φ s , sin(2φ−φ s ) and sin(2φ+φ s ), respectively. With these variables, it is obvious that R cos 2φ and R sin 2φ are the same functions while R sin φs and R sin(2φ−φs) are the same. It should be noted that R sin φs and R sin(2φ−φs)
are very similar to the result of azimuthal asymmetry cos φ in SIDIS obtained in
Ref. [25] and R cos 2φ and R sin 2φ are very similar to the result of azimuthal asymmetry cos 2φ in SIDIS obtained in Ref. [27] . Besides, in the new scaled variables, the only difference between different azimuthal asymmetry is up to an overall factor ζ/(ζ + η) with right power order. Since our calculation is only qualitative, we will not show their numerical results in plots one by one. The shapes and features of these azimuthal asymmetry associated with the polarization are very similar to the unpolarized azimuthal asymmetry cos 2φ shown in Fig.(1) . The averaged angular asymmetries over the transverse momentum q T can be obtained in a very straight forward way,Ā 
IV. SUMMARY
Within the framework of the TMD factorization, the nuclear dependence of the azimuthal asymmetry in polarized DY process has been studied. We find the nuclear modifications of the azimuthal asymmetry cos 2φ and sin 2φ are the same and in a very similar way with the azimuthal asymmetry cos 2φ in SIDIS obtained in [27] . The nuclear effects of the azimuthal asymmetry sin φ s and sin(2φ − φ s ) are the same and similar to the azimuthal asymmetry cos φ in SIDIS obtained in [25] . Among all the azimuthal asymmetries we have considered, the nuclear dependence of the azimuthal asymmetry sin(2φ + φ s ) is most suppressed. The nuclear modification of the azimuthal asymmetry and its nontrivial transverse momentum dependence provides a very sensitive probe to measure the width of the transverse momentum distribution in the TMD quark distribution functions.
